Hydrolytic proteins in the lumen of vacuoles, including proteases, lipases, phosphatases and nucleases carry out these functions.
Whereas vacuolar luminal proteins have been studied fairly extensively (10, 11), our knowledge about the integral membrane proteins in the yeast vacuolar membrane is limited. A handful of vacuolar transport proteins have been identified and characterized by classical genetic and biochemical approaches (12) (13) (14) . However, based on measurements of transport activities across the vacuolar membrane and determination of organic substance content in the vacuole lumen, the existence of many more proteins with translocation activities is expected.
Transport systems for S-adenosyl-methionine (15) , purines (16) , polyamines (17) , and sulfate (18) have been postulated based on activity measurement, but the identity of the corresponding proteins has remained elusive.
Approximately 1000 yeast proteins (17-18% of the entire S. cerevisiae proteome) do not have an annotated localization in the Saccharomyces Genome Database (SGD; 6 www.yeastgenome.org, release version 06.09.2007). It is likely that some of these are vacuolar. In recent years a couple of global protein localization studies (19) (20) (21) (22) revealed the vacuolar localization of more than 40 putative proteins with unknown biological functions.
However, these studies might have failed to detect low-abundant membrane proteins, and possibly yielded incorrect information in some cases, as the tags (such as the C-terminal GFP tag (19) ) may affect targeting, resulting in the mis-localization of proteins.
To characterize the vacuolar membrane proteome and to identify novel vacuolar membrane proteins, we produced highly purified vacuolar membranes and analyzed their protein content by mass spectrometry. To discriminate between genuine vacuolar residents and contaminating
proteins the subtractive proteomics technique LOPIT (Localization of Organelle Proteins by
Isotope Tagging) was used (23, 24) , in conjunction with iTRAQ-based quantification.
Analysis of the data by Enrichment Ranking and iterative Group Analysis (25) resulted in the identification of a group of 148 proteins that was enriched along with known vacuolar proteins in our preparation. In this group, 22 proteins without annotated localization could be assigned as likely to be vacuolar, of which at least 9 had confirmed or predicted translocation activity.
Experimental Procedure

Yeast strain and cell growth
Haploid Saccharomyces cerevisiae W303 (MATα ade2-1 leu2-3,112 his3-22,15 trp1-1 ura3-1 can1-100) was used (26) . All experiments were carried out as biological quadruplicates. For cell growth, 10 ml of YPD medium (0.3% yeast extract, 0.5% Bacto-peptone, 1% glucose) was inoculated with a colony from a fresh agar plate, and incubated in a 100 mL Erlenmeyer flask for 15 hr at 30°C (shaking speed 160 rpm). 50 mL of fresh YPD medium was inoculated with 0.5 ml of the pre-culture. Cells were grown for 6-8 hr until the density was 1.5-2 x 10 7 cells/mL. At least 4 subsequent 200-500 fold dilutions in fresh medium followed by growth to 8 mM Tris-MES, pH 6.9, 12% Ficoll, 0.1 mM MgCl 2 plus protease inhibitor cocktail (Cat.:
8215, Sigma-Aldrich). The suspension was homogenized on ice in a Dounce homogenizer (40 ml) by 15 strokes with a large clearance pestle "A" (Cat.: 885300-0040 Kontes Glassware, Vineland, NJ). The cells and solutions were kept at 4°C throughout.
For isolation of intact vacuoles, the protocol of Ohsumi et al. (28) was used, with the following modifications: samples of 20 mL of the spheroplast lysate were transferred to a centrifuge tube and overlaid with 10 mL lysis buffer. Centrifugation was performed in a swing-out bucket rotor (Beckman, rotor type SW32Ti) at 20,000 rpm (50,000 x g avg ) for 30 min at 4°C. The fraction floating on top of the tube contained the crude vacuoles and was collected and resuspended in 10 mL of lysis buffer per 2-3 mL of crude vacuoles by homogenization with a loosely fitting Dounce homogenizer (5-6 strokes, pestle A). The homogenized crude vacuoles were overlaid in a centrifugation tube with a layer of 10 mL of 10 mM Tris-MES, pH 6.9, 8% Ficoll, 0.5 mM MgCl 2 plus proteinase inhibitor cocktail, and a second layer of 10 mL of the same buffer containing 4% Ficoll. Upon centrifugation at 20,000 rpm (50,000 x g avg ) for 45 min, intact vacuoles were floating on top of the 4% Ficoll solution as a white wafer. Purified vacuoles were collected with a spoon-shaped spatula pre-wetted in 4% Ficoll-buffer.
Preparation of vacuolar membranes
The vacuoles -usually approximately 5 mL per 20 g of cells -were lysed osmotically in the The precursor mass transmission window was set to ± 5 Da. The peak-lists of the acquired MS/MS spectra were generated, using default settings and a S/N threshold of 10. The MS spectra were calibrated internally, using Angiotensin II (m/z = 1046.542) and ACTH (m/z = 2465.199). MS/MS calibration of the instrument was performed daily, using ACTH 18-39 fragment ions.
Database search and criteria for protein identification and quantification
MS/MS peak-lists were extracted by GPS Explorer Software, version 3.5 (Applied Biosystems), using default parameters and were automatically submitted to a database search.
All MS/MS spectra were analyzed using Mascot (Matrix Science, London, UK; version replicates, the false positive rate was 0.0035% and in two other biological replicates no hits from the reversed database were detected, using the criteria described above.
The relative quantification was based on peptides that were chemically labeled with isobaric reagents, using the iTRAQ technique. The quantification information was obtained automatically by GPS Explorer software from the peak areas of the reporter ions (m/z 114.1, 115.1, 116.1 and 117.1, with a mass tolerance of 0.1 Da) from the MS/MS spectra. The peak areas were corrected for isotopic impurities by the GPS Explorer using the information provided by the manufacturer in the Certificate of Analysis for each iTRAQ-multiplex batch.
Each protein quantification was based on two or four biological replicates and if it was based on a single peptide only in one replicate, at least two identified peptides were necessary in one of the other biological replicates for a protein to be included in the analysis. Peptides that matched to multiple proteins were excluded from quantification, and indistinguishable isoforms of the same protein (e.g. ribosomal subunits A and B) were reported without the isoform specification. To select quantification data, those ratios were removed where the peak area of one reporter ion was below the signal-to-noise threshold of 10.
Statistical analysis Enrichment Ranking
Enrichment ranking was based on the Rank Products statistics (31), which was modified for use on peptide data as follows. If the same peptide was measured multiple times in the same biological sample, the iTRAQ ratios were averaged by calculating the mean. The peptide iTRAQ ratios were then listed in descending order and the ranks were assigned so that the peptide with the highest ratio had rank 1, the peptide with the second highest ratio had rank 2, and so on. In this way, peptide ranks were obtained. The ranks of peptides derived from the same protein were averaged by calculating the median to minimize the effect of outliers and the resulting medians were then ranked again, resulting in protein ranks for each biological replicate. To combine the protein ranks of all replicates, the median of protein ranks across replicates was calculated and subsequently ranked again. This resulted in a single list of proteins, with the most consistently enriched protein at the top (rank 1).
Iterative Group Analysis
To determine which proteins had co-enriched with known vacuolar proteins, a modified version of the iterative Group Analysis algorithm (iGA; (25)) was applied. Proteins were assigned to one or several subcellular localizations, based on SGD annotations (release version 06.09.2007). "Cytosolic" and "cytoplasmic" localizations were combined, as were "nucleus", "nucleolus", "nuclear membrane", and "nuclear pore". "Unknown" and unspecified "membrane" proteins were also combined in a single class. In cases of multiple annotations (e.g. plasma membrane and vacuole), multiple classes were assigned and used for cluster analysis by iGA. For each localization class the list of enrichment-ranked proteins was analyzed using the hypergeometric statistics described in (31), using all possible windows to define groups. The window that showed the most surprising clustering of proteins from the same localization class -which is the highest probability of change [-log 
Results
Isolation of vacuoles
For the proteomic analysis of yeast vacuolar membrane proteins, it was necessary to isolate vacuoles of a high purity. The protocol of Ohsumi et al. (28) was optimized and used in combination with the spheroplasting procedure from Kipper et al. (27) . As detailed in the Experimental section, we used two density centrifugation steps. In both steps the vacuoles floated to the top of the tube. The first centrifugation step yielded crude vacuoles, and after the second step we obtained highly pure vacuoles (Fig. 1 ).
The purity of the vacuoles was first evaluated using morphological criteria. The microscopic analysis revealed that vacuoles collected after the second density centrifugation step ( 
Subtractive proteomics
Organelle preparations are never completely free of contaminants due to limitations in fractionation methods. To be able to distinguish vacuolar proteins from contaminants, we used the subtractive proteomics technique LOPIT (Localization of Organelle Proteins by Isotope Tagging). The idea of LOPIT is that the set of proteins that is physically associated
with an organelle will co-enrich during the organelle isolation, whereas contaminantsalthough still present -will be depleted. We compared the relative abundances of proteins in the purified vacuoles (obtained after the second density centrifugation step; #4 in Fig. 1 ) and the crude vacuoles (obtained after the first density centrifugation step; #3 in Fig. 1 ). The strategy is outlined in Fig. 2 .
To facilitate the identification of low-abundant vacuolar membrane proteins in the mass spectrometry analysis, vacuolar membranes were prepared in two steps to remove luminal and peripheral proteins. In the first step, vacuoles were lyzed in the presence of EDTA and vacuolar membranes were spun down by ultracentrifugation, and in the second step the membranes were stripped with sodium carbonate (pH 11.8).
In each of the four biological replicates the relative proteins abundances of the pure vacuolar membranes (from sample #4) and crude vacuolar membranes (from sample #3) were compared. The isobaric iTRAQ reagents were used to differentially label tryptic peptides derived from proteins in the crude and pure vacuolar membrane preparations (samples #3 and #4 in Fig 1) , as outlined in Supplementary 117. The labeled peptides mixtures were fractionated using cation exchange and reversed phase chromatography. Peptides were identified by tandem mass spectrometry (MS/MS). The reporter peaks of the iTRAQ reagents in the MS/MS spectra were used for quantification. The reporter peak area of a peptide derived from proteins present in the pure vacuolar membranes were divided by the reporter peak area of the peptide derived from proteins in the crude membranes, resulting in iTRAQ ratios. So, in theory, peptides with ratios larger than 1 were enriched in the pure vacuolar membrane fraction and, conversely, ratios smaller than 1 indicated depletion (peptides derived from contaminant proteins).
572 proteins were identified and quantified (Supplementary Table 3 ), of which 484 (84%)
were found in both mass spectrometry analyses. Because only those peptides were quantified for which all iTRAQ reporter fragments (114/115/116/117) were detected, the 484 proteins had been present in all four biological replicates and the remaining 88 proteins had been present in at least two biological replicates, indicating a high reproducibility of the procedure.
As expected, the identified proteins were derived from various cellular locations, because a mixture of highly pure and crude vacuolar membranes (containing contaminants) was analyzed ( Fig. 3) . Almost 60% of the 572 identified proteins belonged to three major groups:
cytosolic proteins, mitochondrial proteins, and components of the protein trafficking machinery including ER, Golgi, COP-vesicle coat proteins and the endosome. More than 63%
(363 proteins) of the identified proteins did not contain predicted transmembrane domains. In the entire data set, 77 proteins were annotated "vacuolar" in SGD, representing approximately 42% of the total number of proteins annotated as vacuolar. The remaining 58% of annotated vacuolar proteins were not found and reasons for their absence will be discussed below.
Intriguingly, 47 proteins of the 572 proteins identified in our analysis did not have a known localization. Such proteins with unknown localizations are candidate novel vacuolar (membrane) proteins.
Enrichment Ranking and iterative Group Analysis
In theory, each protein with an absolute iTRAQ ratio larger than 1 could be considered enriched in the pure vacuolar preparation. In practice, however, experimental errors prior to the mixing of the peptides such as those associated with protein concentration determination or incomplete digestion or labeling, interfere with such direct assignment. To reliably determine which of the identified proteins were enriched in the purified vacuolar fraction, Enrichment Ranking (31) in conjunction with iterative Group Analysis (iGA) (25) was applied.
A list of all identified proteins was made, ranked in the order of descending iTRAQ ratios. To this end, the data from multiple peptides per protein and multiple biological replicates were analyzed in a robust way, as described in detail in Material and Methods. We then used a statistical test, based on iGA (25) , to determine if proteins from particular subcellular localizations as annotated in the SGD were significantly clustered in the list. iGA was originally developed for the functional annotation of microarray results and is based on hypergeometric statistics. It is applicable to small and noisy data sets with a relatively low number of replicates. A major advantage for the analysis is the robustness of iGA against imperfect assignments of the functional classes, in our case incorrect or incomplete annotation of the localization of proteins in the SGD. To make iGA applicable to our purposes, we 18 modified the original algorithm as described in Experimental Procedure, resulting in the socalled double-boundary iGA (db-iGA) approach. We applied the double-boundary iGA to the set of 572 proteins that were ranked as described above.
As expected, known vacuolar proteins were clustered among the proteins with the highest iTRAQ ratios, i.e. the proteins that were most enriched in the density centrifugation. The iGA defined a group of 148 proteins at the top of the ranked list in which most annotated vacuolar proteins were clustered (PC value of 3.4x10 -37 ; multiple-testing corrected p-value < 0.001).
This group was named the enriched cluster, and contained 69 proteins annotated as vacuolar, 22 proteins with no known localization and 57 proteins annotated as localized to other organelles (Fig. 5A ). The latter were mainly from the ER-Golgi-endosome network, cytosol and plasma membrane. These proteins, which are co-enriched with the vacuolar proteins, may represent proteins targeted to the vacuoles for degradation, proteins with multiple localizations, or proteins with incomplete or incorrect database annotation, and they will be discussed below. The 22 proteins with no known localization represent potential novel vacuolar proteins ( Table 1) . As mentioned above, in the entire data set we could identify 77
proteins annotated as vacuolar. The iGA analysis excluded 8 of these proteins from the enriched vacuolar cluster. Possible reasons for the exclusion will be discussed below.
Double-boundary iGA determined clusters of mitochondrial and endosomal proteins
Non-vacuolar proteins, such as those from mitochondria, were expected to be depleted as indicated by Western Blot analysis (Fig. 1B) . The double-boundary iGA was used to test whether proteins with different annotated localizations were significantly clustered in the ranked list. The ranges, PC-values and corrected p-values for each cluster are summarized in Supplementary Table 2 . The group containing mitochondrial proteins was well defined at the bottom of the list and was regarded as strongly depleted from the pure vacuolar fraction (Fig.   4 ). The group of endosomal proteins was found to be significantly clustered, but it was overlapping with the cluster of enriched vacuolar proteins (Fig. 4) . proteins. They will be discussed in detail below.
Depleted vacuolar proteins
The 424 depleted proteins should be regarded as non-vacuolar proteins (contaminants) and include for instance all 35 detected ribosomal proteins, the plasma membrane ATPase and the mitochondrial porin (cf. PMA1, POR1 in except for the v-SNARE protein VTI1, which was also depleted in our analysis. This indicates that the cis-multi-SNARE complex was not located at the vacuolar membranes in our experiments. Finally, we could not confirm vacuolar localization of YKL077W, which was previously assigned to the vacuolar lumen based on a high-throughput localization study using GFP fusions (19) , and we suggest that it represents an incorrect annotation.
Undetected vacuolar proteins
In total we found 77 proteins that were annotated as vacuolar in the SGD. This covers 42% of all proteins annotated as vacuolar in the database. There are many possible reasons for not finding a large portion of proteins that were annotated as vacuolar. First, there is a group of proteins that have limited accessibility for digestion or identification by LC-MALDI due to their high hydrophobicity or small size, e.g. subunits c, c', c" of V-ATPase. Second, some proteins are of low abundance or may not be expressed under our experimental conditions.
For instance, the vacuolar zinc transporter ZRT3 is expressed under zinc limiting conditions (43). As yeast was grown on rich complete medium, it is unlikely that elements such as zinc ions were limiting for growth. Therefore we assume that ZRT3 (among others) was not indicates that it specifically localizes to the vacuole under our experimental conditions. A vacuolar localization of YMR221C is consistent with a possible function in autophagy based on its physical interaction with ATG27 (60), which was also enriched in our analysis.
We found two cytosolic membrane fusion related proteins, ENO2 and VAC7, to be enriched in the vacuolar fraction. ENO2, which is an essential glycolytic enzyme (enolase), was previously shown together with its isoform ENO1 to activate homotypic vacuolar fusion and protein transport to the vacuole (61) . Also VAC7, which links phosphatidylinositol 3-phosphate 5-kinase signaling to vacuole morphology (62) by activating the FAB1 kinase activity, was previously shown to display multiple subcellular locations, vacuolar (63) and 26 cytosolic (22) . The phosphatidylinositol(3)-phosphate 5-kinase FAB1 itself was also enriched and has multiple annotated localizations (mitochondrion, endosome, vacuole) and is involved in vacuolar sorting and homeostasis (64, 65) .
Transport proteins
The largest functional group of enriched proteins contains 48 proteins with predicted or confirmed transport activity, approximately half of which (27 proteins) had been assigned a vacuolar localization before (Fig. 5) . Two putative membrane transport proteins, YBR287W
and YPR003C, that were previously annotated as ER residents based on the global protein localization study (19) , were found to be vacuolar in our proteomic analysis (Fig. 5B) . It is likely that these proteins have in fact a vacuolar localization but were previously misannotated as ER residents because the GFP tag affected their correct localization. Similarly, several well-known vacuolar transporters such as AVT1, VCX1, PHO91 could not reach their destination at the vacuolar membrane when GFP was fused to their C-termini and were trapped in the ER. Also these proteins are in the list of enriched vacuolar proteins.
We identified 22 proteins (Table 1 and Fig. 5 ) that were not previously assigned to any location, and here we report their vacuolar localization for the first time. Among these novel vacuolar proteins there are 9 predicted transporters, and several other integral membrane proteins that might also have transport function. The putative transporters include an ABC transporter (ADP1), a P-type ATPase (YOR291), and several secondary active transporters.
Interestingly, among the 9 predicted transporters is a known nucleoside transporter (FUN26 (YAL022C) (66)), and a putative oligopeptide transporter of the OPT family (YGL114W) .
As the vacuole is the centre of catabolic processes, these proteins are candidates to recycle the products of degradation back to the cytosol.
Proteins degraded in vacuoles
Degraded proteins are physically present in vacuoles and therefore are not contaminations. As we used subtractive proteomics to compare the vacuolar membrane proteome from two preparations (crude and pure vacuoles, Fig. 2 ) that were both already devoid of the bulk of other cellular constituents, it was not possible to discriminate between proteins that are degraded in the vacuole and true residents that function in the vacuole. The reason why we did not use even cruder fractions to compare with the pure vacuoles is that the number and amounts of added contaminants would increase dramatically, making the detection and identification of low abundance vacuolar proteins more difficult. Thirteen enriched proteins are well-characterized plasma membrane proteins (Fig. 5) , including 10 known plasma membrane transporters presumably because they are targeted to the vacuole for degradation.
Plasma membrane proteins are known to be degraded in the vacuole (e.g. the general amino acid transporter GAP1 (67)), and our analysis indicates that we also enriched for plasma membrane proteins targeted to the vacuole for proteolysis. This result is in agreement with the GPF-fusions analysis showing fluorescent signals at both the vacuolar lumen and the plasma membrane. Five enriched proteins were from the cell wall biogenesis pathway and annotated as cell-wall and bud-neck proteins. Although only the bud-neck protein CHS2 is known to be degraded in the vacuole (68), our analysis indicates that the other four -BGL2, YJL171C, GAS1 and FKS1 -are also targeted to the vacuole for degradation. This assumption is supported by GFP localization study as BGL2 and FKS1 do localize to the vacuolar lumen when fused with GFP, although the vacuolar localization of BGL2 as a GFP-fusion was interpreted as mis-localization.
The notion, that proteins targeted to vacuoles for degradation are enriched in our analysis,
shows that some care must be taken when interpreting the list of enriched proteins. To illustrate this point, the group with annotated vacuolar localization included 9 predicted but uncharacterized transporters (19, 69 
Figure 2 WORKFLOW OF LOPIT
To compare relative abundances of proteins, the membranes of the crude vacuoles (#3 in Fig.   1 ) and pure vacuoles (#4 in Fig. 1 ) were stripped using EDTA and sodium carbonate at pH 11.
The same amounts of protein from the stripped fractions #3 and #4 were digested with trypsin in the presence of 30% Methanol (v/v). The tryptic peptides were labeled pair-wise with different iTRAQ reagents and the labeled peptides derived from the crude (114/116 reagents) and pure (115/117 reagents) vacuole membranes were combined. To reduce the complexity, the combined peptides were pre-fractionated on a strong cation exchanger (SCX) and each fraction was subjected to RP-LC-MALDI analysis. The acquired spectra were analyzed by 42 Mascot and X!Tandem. The identified and quantified peptides were ranked according to their iTRAQ ratios and significant groups of enriched and depleted proteins were determined using double-boundary iGA. 
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